EB1 is a small microtubule (MT)-binding protein that associates preferentially with MT plus ends and plays a role in regulating MT dynamics. EB1 also targets other MT-associated proteins to the plus end and thereby regulates interactions of MTs with the cell cortex, mitotic kinetochores, and different cellular organelles [1, 2] . EB1 also localizes to centrosomes and is required for centrosomal MT anchoring and organization of the MT network [3, 4] . We previously showed that EB1 localizes to the flagellar tip and proximal region of the basal body in Chlamydomonas [5] , but the function of EB1 in the cilium/flagellum is unknown. We depleted EB1 from NIH3T3 fibroblasts by using siRNA and found that EB1 depletion causes a w50% reduction in the efficiency of primary cilia assembly in serum-starved cells. Expression of dominant-negative EB1 also inhibited cilia formation, and expression of mutant dominant-negative EB1 constructs suggested that binding of EB1 to p150
Summary
EB1 is a small microtubule (MT)-binding protein that associates preferentially with MT plus ends and plays a role in regulating MT dynamics. EB1 also targets other MT-associated proteins to the plus end and thereby regulates interactions of MTs with the cell cortex, mitotic kinetochores, and different cellular organelles [1, 2] . EB1 also localizes to centrosomes and is required for centrosomal MT anchoring and organization of the MT network [3, 4] . We previously showed that EB1 localizes to the flagellar tip and proximal region of the basal body in Chlamydomonas [5] , but the function of EB1 in the cilium/flagellum is unknown. We depleted EB1 from NIH3T3 fibroblasts by using siRNA and found that EB1 depletion causes a w50% reduction in the efficiency of primary cilia assembly in serum-starved cells. Expression of dominant-negative EB1 also inhibited cilia formation, and expression of mutant dominant-negative EB1 constructs suggested that binding of EB1 to p150
Glued is important for cilia assembly. Finally, expression of a C-terminal fragment of the centrosomal protein CAP350, which removes EB1 from the centrosome but not MT plus ends [6] , also inhibited ciliogenesis. We conclude that localization of EB1 at the centriole/ basal body is required for primary cilia assembly in fibroblasts.
Results

Depletion of EB1 Inhibits Primary Cilia Assembly
We have previously shown that EB1 localizes to the flagellar tip and proximal region of the basal bodies in Chlamydomonas [5] , but the function of EB1 in the cilium/flagellum is unknown.
To study the function of EB1 in the flagellum/cilium, we depleted EB1 from NIH3T3 fibroblasts by using siRNA [7] . Transfected cells were grown to w90% confluence, serum starved for 24 hr to induce formation of primary cilia, and then subjected to immunofluorescence microscopy (IFM) analysis with commercially available antibodies specific for EB1 and detyrosinated a-tubulin (termed Glu a-tubulin after the C-terminal glutamate), which is highly enriched in centrioles and primary cilia of vertebrate cells [8, 9] . IFM analysis showed that w48% of the cells treated with EB1 siRNA (n = 386) completely lacked EB1 ( Figure 1A ). Consistent with this result, we found that the average EB1 protein level in lysates of EB1 siRNA-treated cultures was reduced by about 50% as compared to lysates of mock-transfected control cells ( Figure 1B) . Among the cells that completely lacked EB1, as judged by IFM analysis ( Figure 1A ), a dramatic decrease in the efficiency of primary cilia formation was observed. Only w37% of the EB1-depleted cells (n = 293) became ciliated during growth arrest compared to w65% ciliated cells in mock-transfected controls (n = 324) ( Figure 1C ). The remaining EB1-depleted cells (w63%) completely lacked primary cilia ( Figure 1A , bottom cells and inset). The observation that some EB1-depleted cells (w37%; n = 293) were able to form a cilium suggests that EB1-related proteins such as EB3 [10, 11] may compensate for the lack of EB1 in these cells. By using a polyclonal antibody against EB3 [12, 13] , we confirmed that EB3 is expressed in NIH3T3 cells, colocalizes with EB1, and is unaffected by siRNA-mediated EB1 depletion ( Figure S1A in the Supplemental Data available online), consistent with the idea that EB3 may partially compensate for the lack of EB1 in our siRNA experiments. Preliminary attempts to knock down EB3 by siRNA in NIH3T3 cells were unsuccessful.
We note that the proportion of cells ciliated in control samples (w65%) is lower than what we have previously observed in NIH3T3 cells (w90%; [14] ). This is likely a side effect of lipofectamine, which was added to all cells in our experiments, and which is known to display some undesirable side effects on cultured cells [15] .
Expression of the C-Terminal Region of EB1 Inhibits Primary Cilia Formation EB1 contains an N-terminal MT-binding domain and a Cterminal domain that binds to a number of proteins [2] , including adenomatous polyposis coli (APC) [16] and the p150
Glued subunit of the dynactin complex [3, 17, 18] . Binding of APC to the C-terminal region of EB1 (residues 165-268) is required for EB1 to promote MT stabilization and cell migration during wound healing in fibroblasts [7] . Expression of residues 165-268 of EB1 fused to GFP (hereafter referred to as EB1-C-GFP) leads to loss of MT stabilization in fibroblasts because EB1-C-GFP functions as a dominant negative that binds to APC and prevents its association with native EB1 [7] . EB1-C-GFP also interacts with p150
Glued [7] , but interaction between EB1 and p150
Glued is not required for stabilization of cytosolic MTs in migrating fibroblasts [7] . In contrast, interaction between EB1 and p150
Glued is essential for anchoring of MTs at the centrosome [3] .
To confirm our EB1 siRNA results (Figure 1 ), we transfected NIH3T3 cells with a plasmid encoding full-length EB1 fused to GFP (EB1-GFP; [7] ) or with the EB1-C-GFP plasmid, and we analyzed serum-starved cells by IFM *Correspondence: lbpedersen@aki.ku.dk with anti-Glu a-tubulin to label the cilia. Cells expressing EB1-C-GFP were severely compromised in their ability to form cilia as compared to nontransfected control cells or cells expressing EB1-GFP ( Figure 2A ). Only w3% of the EB1-C-GFP-expressing cells were ciliated compared to w64% for nontransfected cells and w46% for EB1-GFP-expressing cells ( Figure 2B ). That fewer EB1-GFP-expressing cells were ciliated compared to nontransfected cells ( Figure 2B ) probably reflects a general inhibitory effect of cellular protein overexpression on ciliogenesis, because expression of Myc-tagged p47 PHOX , a cytosolic component of NADPH oxidase [19] , inhibited ciliogenesis to a similar extent ( Figure S2B ). However, transfection rates and average GFP protein expression levels were similar for plasmids EB1-GFP and EB1-C-GFP ( Figure 2C ), indicating that inhibition of ciliogenesis by EB1-C-GFP expression was not due to protein overexpression.
Effect of EB1-p150
Glued Interaction on Cilia Formation Both APC and p150
Glued associate with EB1 and appear to play critical but diverse roles in EB1-mediated cellular functions (see above). The region in the C terminus of EB1 known to be critical for binding to APC and p150
Glued [7] is highly conserved in EB3 ( Figure S1B ), suggesting that EB3 may also associate with these proteins. To study whether EB1-p150
Glued and/or EB1-APC interactions are important for cilia formation, we tested whether specific mutations in EB1-C-GFP that disrupt its binding to p150
Glued and/or APC [7] could abolish the inhibitory effect of EB1-C-GFP expression on cilia formation. Expression of a mutant version of EB1-C-GFP (EB1-C-EEKR-GFP; Figure S1B ), which fails to bind both APC and p150
Glued [7] , did not inhibit cilia formation in serum-starved fibroblasts to the same extent as EB1-C-GFP; roughly 35% of the cells NIH3T3 cells were treated with siRNA specific for EB1 [7] or irrelevant siRNA molecules (Mock). The transfected cells were grown to w90% confluence, serum starved for 24 hr to induce ciliogenesis, and analyzed by IFM and immunoblotting. (A) IFM with antibodies specific for Glu a-tubulin (Glu-tub) and EB1. Nuclei were visualized by DAPI staining. Primary cilia are indicated with arrows and centrioles are indicated with asterisks. In the lower panel, the two bottom cells are completely depleted for EB1 as a result of the siRNA treatment whereas the top cell is not. About 48% 6 3% of cells treated with EB1-specific siRNA (n = 361) completely lacked this protein as judged by IFM. The inset shows a 4-fold magnification of the primary cilium and centriole pair, respectively, of the two leftmost cells. expressing EB1-C-EEKR-GFP were ciliated compared to w3% for cells expressing EB1-C-GFP and w46% for EB1-GFP-expressing cells ( Figure 2B ). In contrast, expression of the mutant EB1-C-EE-GFP ( Figure S1B ), which fails to bind to APC but can still bind to p150 Glued [7] , inhibited primary cilia formation to the same extent as EB1-C-GFP (both w3%; Figure 2B ). One interpretation of these results is that interaction between native EB1 and p150
Glued is important for cilia formation, and when this interaction is inhibited, e.g., by expression of either EB1-C-GFP or EB1-C-EE-GFP, ciliogenesis is impaired. In contrast, interaction between EB1 and APC does not appear to be critical for cilia formation because expression of EB1-C-EE-GFP, which fails to bind strongly to APC and hence is unlikely to inhibit native EB1-APC interactions [7] , strongly inhibits primary cilia formation ( Figure 2B ). The latter result is in agreement with the finding that kidney-specific inactivation of APC in the mouse has no major effect on cilia formation in kidney epithelial cells [20] .
To confirm that interaction between EB1 and p150
Glued is important for cilia formation, the effect of EB1-GFP, EB1-C-GFP, EB1-EE-GFP, and EB1-EEKR-GFP expression, respectively, on the subcellular localization of p150
Glued was examined by IFM. In cells expressing EB1-C-GFP or EB1-EE-GFP, p150
Glued Figure 2 . Expression of EB1-C-GFP or EB1-C-EE-GFP Inhibits Primary Cilia Formation in Fibroblasts (A) NIH3T3 cells were transfected with plasmids encoding full-length EB1-GFP, EB1-C-GFP, EB1-C-EE-GFP, or EB1-C-EEKR-GFP ( Figure S1B and [7] ). The cells were grown to w90% confluence, serum starved for 24 hr to induce formation of primary cilia, and analyzed by IFM with antibodies specific for Glu a-tubulin (Glu-tub) to label cilia (arrows) and centrioles (asterisks). Nuclei were visualized by DAPI staining. The top panel shows a nontransfected control cell treated with lipofectamine. Cells expressing EB1-C-EE-GFP looked identical to those expressing EB1-C-GFP. Cells expressing EB1-C-EEKR-GFP had more cilia (see below). Scale bar represents 20 mm. Glued (bottom), which serves as a loading control. GFP fusion protein was present at similar levels in the different cultures. The transfection rates for the different plasmids were also similar (see Supplemental Experimental Procedures for details).
grossly mislocalized to large cytoplasmic puncta with no clear foci at centrosomes. In contrast, cells expressing EB1-GFP or EB1-EEKR-GFP displayed an even cytoplasmic distribution of p150
Glued with distinct foci at the centrosomes, similar to the localization pattern seen in untransfected cells ( Figure S3 , right panels, and Figure S4 ). These results support the idea that inhibition of ciliogenesis by EB1-C-GFP and EB1-EE-GFP (Figure 2) is mediated, at least in part, via binding to p150
Glued .
Removal of EB1 from the Mother Centriole/Basal Body Inhibits Primary Cilia Formation
In vertebrate cells, EB1 localizes to the tip of growing cytoplasmic MTs as well as to the centrosome where it is present in close proximity to the mother centriole [4, [21] [22] [23] . In Chlamydomonas, EB1 localizes to the proximal region of the basal bodies and the flagellar tip [5] . Therefore, EB1 could affect ciliogenesis via general effects on cytoplasmic MT organization, assembly or function of the basal body, or assembly of the nascent cilium itself. To distinguish between these possibilities, we tested whether specific removal of EB1 from centrioles inhibits ciliogenesis in NIH3T3 cells. The localization of EB1 at the centrosome/centrioles depends on an interaction with the centrosomal protein FOP, which in turn depends on interaction with CAP350 for centrosomal localization [6] . Depletion of either FOP or CAP350 therefore results in removal of EB1 from centrosomes but does not affect EB1 MT tip localization [6] .
Overexpression of a C-terminal fragment of CAP350 (residues 2159-3117; hereafter referred to as CAP350 C-term) also displaces FOP and EB1 from the centrosome, but not from MT plus ends [6] .
We transfected NIH3T3 cells with the CAP350 C-term plasmid [6] and analyzed cilia formation in transfected, serum-starved cells by IFM. We first confirmed that EB1 was removed from centrioles but not MT plus ends in CAP350 C-term-expressing cells (data not shown), consistent with a previous report [6] . In cells expressing CAP350 C-term, cilia formation was severely compromised ( Figure S2 ) and p150
Glued mislocalized to cytoplasmic aggregates with no clear foci at the centrosomes ( Figure S3 , left panels, and Figure S4 ). Considering that interaction between EB1 and p150
Glued is required for MT anchoring at the centrosome [3] and that disruption of p150
Glued and EB1 interaction inhibits ciliogenesis (Figure 2) , our results strongly suggest that the presence and interaction of EB1 and p150
Glued at the mother centriole/basal body is required for cilia formation.
Effect of EB1-C-GFP Expression on Pericentrin Localization
The assembly of eukaryotic cilia and flagella is mediated by IFT [24] . IFT proteins localize to the vicinity of the basal bodies [25] and are transported along with ciliary building blocks to the ciliary tip by kinesin-2 [26] [27] [28] [29] [30] . Pericentrin is also required for ciliogenesis in vertebrate cells and colocalizes with IFT proteins at the base of primary cilia [31] . We examined the role of EB1 in recruiting pericentrin to the ciliary base by investigating the effect of EB1-C-GFP expression on pericentrin localization in serum-starved NIH3T3 cells. As shown in Figure S5 , expression of EB1-C-GFP did not significantly affect pericentrin localization in serum-starved cells as compared to nontransfected cells or cells expressing fulllength EB1-GFP. In all cases, pericentrin was localized predominantly in the vicinity of the basal body/centrioles ( Figure S5 ). Because the localization of IFT proteins to the ciliary base depends on pericentrin and vice versa [31] , our results indicate that EB1 is not required for targeting/tethering of pericentrin and IFT components to the site of primary ciliary assembly in fibroblasts.
Inhibition of Ciliogenesis in Cells Expressing EB1-C-GFP Is Not due to Defective Cell-Cycle Progression
The formation of primary cilia is tightly coordinated with the cell cycle such that the cilium is formed exclusively during growth arrest, G 0 , from the centrosomal mother centriole at the cell surface [32] . In most cells, entry into the cell cycle is preceded by ciliary disassembly/ resorption whereas exit from mitosis is accompanied by ciliary assembly (reviewed in [33] ). In Drosophila S2 cells, EB1 affects the dynamics and assembly of the mitotic spindle [34] . We speculated whether the inhibition of ciliogenesis observed upon depletion of EB1 (Figure 1) , expression of EB1-C-GFP (Figure 2 ), or expression of CAP350 C-term ( Figure S2 ) might result from defective cell-cycle progression. DAPI staining of DNA indicated that none of the serum-starved cells examined in our experiments were in mitosis, and labeling of centrioles and cilia with Glu a-tubulin antibody showed that none of the serum-starved cells examined had more than two centrioles (Figures 1 and 2 ; Figure S2 ). In contrast, similar analysis of nonstarved cells showed that these cells were clearly undergoing mitosis (data not shown). Because centrosomes duplicate during S phase (i.e., two centrioles become four) [35] , the results indicate that the serum-starved cells we examined were either in G 0 , G 1 , or early S phase. To determine whether cells expressing EB1-GFP and EB1-C-GFP were arrested in early S phase, phosphorylation of retinoblastoma tumor suppressor protein (Rb) at serines in positions 807 and 811 (Rb-pS 807/811 ) was analyzed. Rb is a suppressor of G1/S progression, and cell-cycledependent phosphorylation by cyclin-dependent kinases at these two serines inhibits Rb target protein binding, thereby allowing cell-cycle progression [36] . Thus, low levels of Rb-pS 807/811 marks fibroblasts in growth arrest after serum starvation [14] . Immunoblot analysis indicated the absence of Rb-pS 807/811 in lysates from serum-starved/growth-arrested fibroblasts expressing EB1-GFP or EB1-C-GFP compared to nontransfected cells in interphase growth, i.e., cells grown in the presence of serum ( Figure S6 ). These results suggest that serum-starved cells expressing EB1-GFP or EB1-C-GFP are not in S phase and that the majority of cells analyzed in our experiments are growth arrested in G 0 . Therefore, it is unlikely that the EB1-mediated effects on ciliogenesis reported here result from defective cell-cycle progression.
Discussion
In summary, we have used several different approaches (siRNA, dominant-negative EB1, CAP350 C-term expression) to show that EB1 is required for primary cilia assembly in fibroblasts. By using plasmids encoding wild-type EB1-C-GFP, mutant EB1-C-GFP, or CAP350 C-term, we find that interaction between EB1 and p150
Glued and their localization to the mother centriole is important for cilia assembly. How might EB1 and p150
Glued at the mother centriole promote ciliogenesis? We envision three different scenarios. First, EB1 and p150
Glued are required for MT anchoring at the centrosome [3, 4, 6] , and this may be necessary for localizing the centriole and/or for dynein-mediated transport of ciliary precursors to the ciliary assembly site. However, both ninein and BBS4 are required for centrosomal MT anchoring [37, 38] but not for assembly of primary cilia [31, 39] , suggesting that EB1 and p150
Glued do not promote ciliogenesis via MT anchoring alone. Second, EB1 and p150
Glued may play a role in the targeting/tethering of IFT proteins at the ciliary assembly site. EB1 interacts, at least indirectly, with IFT172 in Chlamydomonas [40] , and indirect evidence suggests that p150
Glued interacts with IFT components in vertebrate photoreceptor cells [41] . However, we found that expression of EB1-C-GFP did not significantly alter pericentrin localization in serum-starved cells ( Figure S5 ), and by inference EB1 is unlikely to play a role in ciliary targeting of IFT proteins [31] . In support of this conclusion, immunogold electron microscopy indicates that EB1 and IFT proteins do not localize to the same sites at the base of flagella in Chlamydomonas [5, 25] . Third, EB1 might affect ciliogenesis by stabilizing the distal end of the ciliary axoneme as it elongates. Axonemal MTs are oriented with their plus end toward the flagellar tip [42] , the flagellar tip is highly dynamic [43] , and EB1 is known to localize to the flagellar tip in Chlamydomonas [5] . Furthermore, in vitro studies suggest that EB1 and p150
Glued cooperate in MT polymerization by promoting MT elongation and nucleation, respectively [17] . The concerted effort of EB1 and p150
Glued at the basal body may be required for nucleation and elongation of axonemal MTs as the cilium grows. One caveat with this scenario is that we have been unable to detect EB1 at the tip of primary cilia in NIH3T3 cells despite several attempts. Perhaps the axonemal tips of steadystate NIH3T3 primary cilia do not display substantial turnover, which could explain the lack of EB1 at this site. Another caveat is that EB1 localizes to the proximal region of the basal bodies in Chlamydomonas [5] , whereas assembly of the flagellum occurs at the distal end [42] . It is possible, however, that the pool of EB1 located at the proximal end of the basal bodies is dynamic and may function as a reservoir for flagellar EB1. Further experimentation should help clarify this.
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